OBJECTIVE-Animal studies suggest that low serum 25-hydroxyvitamin D (25[OH]D) may impair insulin synthesis and secretion and be involved in the pathogenesis of diabetes. Results in studies in humans have not been consistent, however. Prediabetes is a stage earlier in the hyperglycemia/diabetes continuum where individuals are at increased risk of developing diabetes and where prevention efforts have been shown to be effective in delaying or preventing the onset of diabetes. However, previous studies have not examined the association between low serum 25(OH)D levels and prediabetes.
S
everal studies have shown that lower 25-hydroxyvitamin D (25[OH]D) levels are related to an increased risk of cardiovascular disease (CVD) (1, 2) . Some evidence also suggests that 25(OH)D insufficiency may be involved in the development of diabetes (3, 4) . In animal models of diabetes, 25(OH)D deficiency impaired insulin synthesis and secretion, and pharmacologic doses of 1,25-dihydroxyvitamin D 3 delayed the onset of diabetes (5, 6) .
Unlike animal models, the results have not been similarly consistent in human studies (7) . Although some epidemiologic studies have reported a positive association (8) (9) (10) between low serum 25(OH)D levels and diabetes, others did not find an independent association after multivariable adjustment (11, 12) for confounders, or in subgroup analyses in women (13) . Scragg et al. (8) reported an association between serum 25(OH)D levels and diabetes in non-Hispanic whites and Mexican Americans in the third National Health and Nutrition Examination Survey (NHANES III), and Liu et al. (9) reported an association between 25(OH)D levels and type 2 diabetes in the Framingham Study. Pittas et al. (11) reported that dietary vitamin D was associated with diabetes in the Nurses' Health Study. A recent meta-analysis suggested that there is insufficient evidence to conclude an inverse association exists between 25(OH)D levels and diabetes (7) . Furthermore, reduced kidney function is a potential confounder in the association between 25(OH)D levels and diabetes because it has been shown to cause low 25(OH)D levels due to a decrease in renal 1-a hydroxylase activity (14) as well as to diabetes (15) . Similarly, markers of inflammation have been shown to be associated with diabetes (16) and also with low 25(OH)D levels (17) . However, previous studies of serum 25(OH)D levels and diabetes have not accounted for these confounders.
Prediabetes is a stage earlier in the hyperglycemia/diabetes continuum where individuals are at increased risk of developing diabetes and where prevention efforts, including lifestyle modification or pharmacologic intervention, have been shown to be effective in preventing or delaying the onset of diabetes (1, 18) . To our knowledge, no previous study has examined the association between serum 25(OH)D levels and prediabetes, so we conducted this study in a nationally representative sample of U.S. adults who were free of clinical CVD and diabetes after adjusting for potential confounders, including serum C-reactive protein (CRP) levels for systemic inflammation, and estimated glomerular filtration rate (eGFR) from serum creatinine for kidney function.
RESEARCH DESIGN AND METHODS-The current study used data from the NHANES III. A detailed description of the NHANES III study design and methods is available elsewhere (19) . Briefly, the NHANES survey included a stratified multistage probability sample representative of the civilian noninstitutionalized U.S. population. Selection was based on counties, blocks, households, and individuals within households, and included the oversampling of non-Hispanic blacks and Mexican Americans to provide stable estimates of these groups.
The current study consisted of participants aged .20 years who were randomly assigned to be examined in the morning after an overnight fast. Serum 25(OH)D levels were measured in 18,883 participants who had surplus sera available. We excluded 1,883 subjects with diabetes, 952 with CVD, and 3,329 with missing data for covariates included in the multivariable model. This resulted in 12,719 participants without diabetes, 4,057 of whom had prediabetes.
Main outcome of interest: prediabetes Plasma glucose was measured by a modified hexokinase enzymatic method (20) . Glycosylated hemoglobin (A1C) was measured using an ion-exchange highperformance liquid chromatography method using the Diamat Analyzer System (Hercules, CA). Prediabetes was defined as adults without diabetes who had impaired glucose tolerance (2-h glucose concentration of 140-199 mg/dL [7.8-11 .0 mmol/L]), or impaired fasting glucose (fasting glucose concentration 110-25 mg/dL [5.6-6.9 mmol/L]), or an A1C value of 5.7-6.4%, consistent with recent American Diabetes Association recommendations (1).
Exposure measurements
A questionnaire was used to assess age, sex, race/ethnicity, geographic region, smoking, alcohol intake (g/day), history of diabetes, oral hypoglycemic intake or insulin administration, and antihypertensive medication use. Individuals who had not smoked $100 cigarettes in their lifetimes were considered never smokers; those who had smoked $100 cigarettes in their lifetimes were considered former smokers if they answered negatively to the question "Do you smoke now?", and current smokers if they answered affirmatively. BMI was calculated as weight (kg)/height (m 2 ). Season of blood collection was assessed from the date of the respondent's physical examination. Dietary vitamin D intake and milk consumption was assessed from a single 24-h dietary recall. Outdoor physical activity as a surrogate for sunlight exposure was assessed from self-reported physical activities likely to be performed outdoors, including walking, jogging or running, bicycling, swimming, and garden/yard activity.
Rigorous procedures with quality control checks were used in blood collection, as detailed in the NHANES "Laboratory Procedures Manual." Measurements of serum 25(OH)D were performed at the National Center for Environmental Health, Centers for Disease Control and Prevention (Atlanta, GA) using a radioimmunoassay (RIA) kit (DiaSorin, Stillwater, MN) (19) . The interassay coefficient of variation was 15-25% for lower values (20-62 nmol/L) and 14-18% for higher values (86-143 nmol/L) (19) . Serum CRP was analyzed using a modification of the Behring Latex-Enhanced CRP assay on the Behring Nephelometer Analyzer System (Somerville, NJ). Serum total cholesterol was measured enzymatically. Serum creatinine was measured using a modified kinetic Jaffe reaction on a Roche Hitachi 737 analyzer (Indianapolis, IN), and the NHANES values in NHANES III were calibrated to the standard creatinine values from the Cleveland Clinic Foundation (CCF) laboratory, as recommended previously (21) . The eGFR was calculated from serum creatinine level by using the four-variable Modification of Diet in Renal Disease equation.
Statistical analysis
Serum levels of 25(OH)D were analyzed both as a continuous and a categoric variable. We categorized serum 25(OH) D level as quartiles (#17.7, 17.8-24.5, 24.6-32.4, .32.4 ng/mL). We were interested in the association between low 25(OH)D levels and prediabetes. The odds ratio (OR) and 95% CI of prediabetes for each lower serum 25(OH)D quartile was calculated by taking the highest quartile as the referent, using multivariable logistic regression models. We used two models: age-, sex-, ethnicity-adjusted model and the multivariable model, additionally adjusting for season ( JanuaryMarch, April-June, July-September, October-December), geographic region (Northeast, Midwest, South, West), smoking (never smoker, former smoker, current smoker), alcohol intake (g/day), BMI (kg/m 2 ), outdoor physical activity (yes, no), milk consumption (yes, no), dietary vitamin D (mg), hypertension (yes, no), systolic blood pressure (mmHg), serum total cholesterol (mg/dL), CRP (mg/dL), and eGFR (mL/min/1.73 m 2 ). Tests for trends were performed by modeling serum 25(OH)D categories as an ordinal variable. To examine the consistency of the association, we performed subgroup analyses by age, sex, geographic region, season of blood draw, BMI, CRP, eGFR, outdoor physical activity, dietary intake of vitamin D, and hypertension. We formally evaluated interactions between serum 25(OH)D levels and other covariates such as age, sex, race/ethnicity, geographic region, month of blood collection, dietary intake of vitamin D, and outdoor physical activity by including cross-product interaction terms in the corresponding multivariable models. Sample weights that account for the unequal probabilities of selection, oversampling, and nonresponse were applied for all analyses using SUDAAN 8.0 (Research Triangle Institute, Research Triangle Park, NC) and SAS 9.2 (SAS Institute, Cary, NC) software; SEs were estimated using the Taylor series linearization method. All values presented are weighted to represent the U.S. civilian population.
To examine the dose-response relationship of the observed association between the serum 25(OH)D level and prediabetes without linearity assumptions, we used flexible nonparametric logistic regression using the generalized additive modeling approach with the R system for statistical computing (Comprehensive R Archive Network, http://www.CRAN. R-project.org) to calculate odds of prediabetes, adjusting for all covariates in the multivariable model. The predicted odds of prediabetes were then plotted against increasing 25(OH)D levels (log scale).
In a supplementary analysis, we repeated the multivariable model additionally adjusting for A1C. Second, to examine whether the association between 25(OH)D and prediabetes is confounded by central obesity, we adjusted for waist circumference, a surrogate for central obesity in the multivariable model. Third, we examined the association between serum 25(OH)D and prediabetes using clinically relevant categories of serum 25(OH)D (,10, 10-20, 21-30, and .30 ng/mL).
RESULTS-Among 12,719 participants included for the current analysis, 4,057 had prediabetes. Those in the lowest quartile of 25(OH)D were more likely to be a current smoker and obese; have higher levels of diastolic blood pressure, CRP, and eGFR; and were less likely to be women, non-Hispanic white, current drinkers, and physically active (data not shown).
As reported in Table 1 , compared with those with normal glucose levels, individuals with prediabetes were more likely to be older, former/current smokers, overweight and obese; have higher levels of systolic and diastolic blood pressure, total cholesterol, and CRP; were less likely to be women, non-Hispanic white, care.diabetesjournals.org DIABETES CARE, VOLUME 34, MAY 2011current drinkers, and physically active; and have lower levels of eGFR ( Table 1) . As reported in Table 2 , lower 25(OH)D levels were associated with prediabetes in both the age-, sex-, ethnicity-adjusted as well as the multivariable-adjusted model that adjusted for various confounders, including CRP levels and eGFR. Models evaluating trend in this association were also statistically significant (P , 0.001).
As reported in Table 3 , we observed an overall statistically significant positive association between lower 25(OH)D levels and prediabetes within subgroups of age, sex, race/ethnicity, geographic region, season of blood draw, BMI, CRP, eGFR levels, outdoor physical activity, dietary intake of vitamin D, and hypertension, and the ORs ranged from 0.96 to 1.24 (all P . 0.1 for interaction). Although no statistically significant interaction was found between serum 25(OH)D and the odds of prediabetes for race/ ethnicity, the CIs in Table 3 show that the ORs among non-Hispanic whites were significant, whereas the ORs among non-Hispanic blacks, Mexican Americans, and others were not significant. In nonparametric graphic models, we observed a continuous inverse association between serum 25(OH)D level and prediabetes, without any threshold effect (Fig. 1) .
In a supplementary analysis, we examined the association between lower serum 25(OH)D levels and prediabetes additionally adjusting for A1C levels to the multivariable-adjusted model in Table 2 ; the association was slightly attenuated but still present. The multivariable OR (95% CI) of prediabetes per 10-unit decrease in serum 25(OH)D levels was 1.08 (1.00-1.18).
Second, when we added waist circumference as a covariate, instead of BMI in the multivariable model in Table 2 Third, when we repeated the multivariable analysis in Table 2 CONCLUSIONS-Lower serum 25(OH)D levels were positively associated with prediabetes in this representative sample of U.S. adults. The association between 25(OH)D and prediabetes was independent of confounding factors, including age, sex, race/ethnicity, smoking, alcohol intake, BMI, physical activity, hypertension, systolic blood pressure, serum total cholesterol, CRP levels, and eGFR. The association between serum 25(OH)D and prediabetes was also consistently present in subgroup analyses by sex, BMI, and hypertension. Our results *OR values presented are weighted to represent the U.S. civilian population, 1988-1994. †Adjusted for age (years), sex (men, women), race/ethnicity (non-Hispanic whites, non-Hispanic blacks, Mexican Americans, others), geographic region (Northeast, Midwest, South, West), season of blood drawn ( January-March, April-June, July-September, October-December), smoking categories (never, former, current), current drinker (yes, no), milk consumption (yes, no), BMI (kg/m 2 ), dietary vitamin D (mg), outdoor physical activity (yes, no), hypertension (yes, no), systolic blood pressure (mmHg), total cholesterol (mg/dL), high-sensitivity CRP level (mg/dL), eGFR (mL/min/1.73 m 2 ).
contribute to the existing literature on the effect of low serum 25(OH)D on diabetes by demonstrating for the first time that 25(OH)D levels are independently associated with prediabetes, a stage in the disease continuum where diabetes prevention efforts have been shown to be effective in preventing the onset of diabetes (1, 18) . Previous reports have shown that lower serum 25(OH)D levels are related to CVD and CVD mortality (2, 22) . Several lines of recent evidence also suggest that 25(OH)D insufficiency may be involved in the risk of developing diabetes (3,4), a risk factor for CVD. In animal models, low levels of 25(OH)D have been shown to impair insulin synthesis and secretion, and treatment with 25(OH)D has, in turn, been shown to delay the onset of diabetes (5, 6) .
However, the results from human studies have not been similarly consistent (7) . First, although some epidemiologic studies have reported a positive association (8-10) between low serum 25(OH)D levels and diabetes, others did not find an association after multivariable adjustment (11, 12) or in an analysis among women (13). Pittas et al. (7), in a recent meta-analysis, concluded that evidence was insufficient to support an inverse association between 25(OH)D levels and diabetes. Also, to our knowledge, the association between serum 25(OH)D levels and prediabetes has not been previously examined. *OR values presented are weighted to represent the U.S. civilian population, 1988-1994. †Adjusted for age (years), sex (men, women), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican American, others), geographic region (Northeast, Midwest, South, West), season blood drawn ( January-March, AprilJune, July-September, October-December), smoking categories (never, former, current), current drinker (yes, no), milk consumption (yes, no), BMI (kg/m 2 ), dietary vitamin D (mg), outdoor physical activity (yes, no), hypertension (yes, no), systolic blood pressure (mmHg), total cholesterol (mg/dL), CRP level (mg/dL), eGFR (mL/min/1.73 m 2 ). ‡P value associated with the cross-product interaction term between the corresponding stratification variable and the 25(OH)D variable in the multivariable model. The few intervention studies that have evaluated the effect of 25(OH)D supplementation on glucose regulation have also shown mixed results. In a small, short-term clinical trial, treatment with 25(OH)D3 improved insulin sensitivity and first-phase insulin secretion in the intervention group (23) . In a placebocontrolled trial of nondiabetic subjects with impaired fasting glucose at baseline, treatment with 25(OH)D3 and calcium attenuated a rise in fasting glucose and progression of insulin resistance (24) . In contrast, treatment with 25(OH)D3 and calcium in the Women's Health Initiative trial involving postmenopausal women did not reduce the risk of developing diabetes (25) . However, this trial defined diabetes by self-report and not by blood glucose measurements, and the 25(OH) D3 doses were lower than in other studies. In the face of our finding of a positive association between low levels of serum 25(OH)D and prediabetes, results from these 25(OH)D intervention studies indirectly suggest that 25(OH)D3 supplementation may be potentially beneficial in preventing or delaying diabetes development in individuals with prediabetes.
In the current study, low serum 25(OH)D levels were positively associated with prediabetes. The magnitude of the association observed between low 25(OH)D and prediabetes, its persistence even after multivariable adjustment, and the consistency of these findings in subgroup analyses by sex, BMI categories, and hypertension, suggest that these findings are less likely to be due to chance.
Reduced GFR is a potential confounder in the association between serum 25(OH)D levels and diabetes because it has been shown to cause low 25(OH)D levels (14) , as well as to cause diabetes (15) . Similarly, CRP levels were associated with diabetes (16) and with low 25(OH)D levels (17) . However, previous studies of serum 25(OH)D levels and diabetes did not account for the confounding effect of reduced kidney function or systemic inflammation. The observed association between low serum 25(OH)D levels and prediabetes was attenuated in the current study but still persisted after adjustment for eGFR and CRP levels in the multivariable model, suggesting the association is independent of these processes.
In the current study, the positive association between serum 25(OH)D and prediabetes was significant only in nonHispanic whites but not in non-Hispanic blacks, Mexican Americans, and others. Ethnic variations in 25(OH)D levels have been recognized in the U.S.: nonHispanic whites have higher levels of 25(OH)D than Mexican Americans and non-Hispanic blacks (19) . Our results are also consistent with the previous analyses of NHANES III data by Scragg et al. (8) , who reported an inverse association between 25(OH)D and undiagnosed diabetes among non-Hispanic whites and Mexican Americans but no association among non-Hispanic blacks. The association between serum 25(OH)D and prediabetes among non-Hispanic whites only suggests that non-Hispanic whites may be more sensitive to 25(OH)D deficiency compared with other races and ethnicities.
The main strengths of our study include its population-based nature, inclusion of a representative multiethnic sample, adequate sample size, and the availability of data on confounders for multivariable adjustment.
The main limitation of our study is the cross-sectional nature of NHANES. It is possible that our results could be biased by residual confounding by variables, including the use of vitamin D supplements and parathyroid hormone levels. Further, the high coefficient of variation at lower values of 25(OH)D suggests that there may be measurement error and therefore exposure misclassification of 25(OH)D.
In summary, in a representative sample of U.S. adults, low serum levels of 25(OH)D were positively associated with prediabetes among subjects without diabetes. This association was independent of confounding factors, including BMI, blood pressure, serum cholesterol, CRP levels, and eGFR. Because prediabetes is a stage in the disease continuum where diabetes prevention has been shown to be effective (1, 18) , it would be of public health relevance to see if vitamin D supplementation in this stage can help to prevent or delay the onset of diabetes.
